A new method for two-beam coupling measurements based on acousto-optic modulation with subhertz tuning capability is applied to study excited-state dynamics of the nitrogen-vacancy center in diamond. Results yield fundamental decay constants and the nonlinear refractive index and are in good agreement with the calculated dual grating response to resonances in the microscopic lattice relaxation.
In recent years two-beam coupling has become established as a precise method for investigating nonlinear refractive indices of saturable absorbers. 1 Intersecting laser beams with finite detuning are typically used to generate slowly moving optical gratings in absorptive solids with phases that lead those of refractive-index changes caused by slow excited-state dynamics. Energy transfer between pump and probe waves then occurs, with detuningdependent gain. This method has been employed to study nonlinearities in Cr-doped laser materials 2 with simple impurity energy levels and hostdependent nonlinearities of relevance to high-power tunable Cr-laser performance.
Here we introduce a method that furnishes twobeam coupling spectra versus detuning in seconds, and we use it to study simple impurity centers in diamond. With it, relaxation processes of the nitrogen-vacancy (N-V) color center, for which the energy-level structure was determined only recently, 3 are characterized. By extending two-beam coupling theory to incorporate two separate decay processes contributing to saturation, we obtain good agreement between complex changes in signal intensity and detuning, as well as consistency with earlier determinations of N-V relaxation times. We also report estimates of real and imaginary parts of the nonlinear index.
The N-V center consists of a N-V complex in diamond, 4 one of many point defects 5 that need to be characterized carefully to evaluate potential applications' of this emerging wide-gap semiconductor. The electronic structure 3 and absorption spectrum of the center are shown in Fig. 1(a) . As indicated by three-pulse photon echo data in Fig. 1(b) , the 3 E state decays rapidly in 13.3 ± 0.2 ns, revealing that this decay channel cannot contribute to optical saturation at low intensities. 6 However, intersystem crossing from the 'A to the ground state (r = d I, = (g 1 -gR)IJI2 + g(I + I2)1j -ali,
(1) (2) Here gR = /3n 2 '(pl sin 4)i + P2 sin O2) and g, = where Ai and pi are real constants, Q = C2 -W1, and ri is the Debye decay time governing saturation process i. These equations have been solved previously for a single response time in the case of g 1 = 0. When several decay processes make important contributions to system saturation simultaneously, and g 1 is not zero, they still admit a simple solution for weak probe intensity (I2 << I,): (b) Stimulated echo decay curve obtained at 637 nm with 800-fs pulses from a dual jet, synch-pumped DCM dye laser. Population decay time is twice the observed T. Accumulated echo contributions were negligible owing to weak illumination, low cavity-dumping rate, and high chopping frequency.
Saturation-induced changes in probe intensity, proportional to the gain coefficient F, were measured with a frequency-stabilized DCM ring dye laser at 637 nm. As indicated in Fig. 2 , two acousto-optic modulators were used to generate rf-tunable pump and probe beams with a relative intensity ratio of 10:1 and an external interbeam angle of 3°. Beams were linearly polarized along [001] and impinged on the (100) plane, bisected by [100]. Relative detuning of pump and probe frequencies was accomplished with a versatile combination of acousto-optic frequency and phase modulation. Probe frequency was tuned relative to the pump frequency by an integer number of hertz and by a variable, linear voltage ramp applied to the phase modulation input of the synthesizer for fine tuning from 0 to 1.0 Hz. The signal-to-noise ratio was improved with vibration isolation and synchronous detection at a high chopping frequency to avoid modulation sidebands. 7 Signals were verified to be independent of 0 in the range 0-10°. Samples were prepared from type-Ib synthetic-diamond single crystals containing 220 parts in 106 single substitutional nitrogen atoms using 1016-1018 cm-2 doses of 1.7-MeV electrons and subsequent annealing at 820'C for 4 h in argon. 4 In Fig. 3 , two-beam coupling signals from several different samples are shown. Figure 3(a) displays the predominantly dispersive spectral shapes obtained for Cr:A1 2 0 3 and Cr:YAlO 3 . These spectra consist of ten signal-averaged scans acquired in 1 min. Their spectral widths reflect the ratio of 2 E decay times in these two hosts, 8 shorter than the NDFWM value. The long-lived ri component is particularly susceptible to power broadening and transient grating effects from mechanical chopping, and it is also uniquely sensitive to excited-state absorption. il from beam coupling approaches the NDFWM value as intensity and chopping duty cycle are reduced, but only extreme experimental precautions and weighted fits achieve full agreement. Using knife-edge measurements of intensity profiles, we estimated real and imaginary parts of n 2 = n 2 ' + in 2 " at T = 295 K to be n2" = (1.5 ±0.6) x 10-6 CM2/W and n2'
(-1.7 ± 0.4) x 10-6 cm 2 /W Details of the narrowest spectral features are determined by the slowest dynamics. In the case of the N-V center, this is the intersystem crossing process, in general strongly temperature-dependent in color centers. 7 ' 0 Consequently, it is not surprising that the results in Fig. 4 reveal a much narrower central feature with a correspondingly longer time constant at 77 K than at 295 K. Points in the center of Fig. 4 In summary, there is good agreement between beam-coupling observations in diamonds and theory extended to account for intersystem crossing and spin-lattice dynamics. Each process makes a distinct contribution to n 2 . The ratio r = n 2 "/n 2 ', being large and negative, indicates strong excited-state absorption from the 'A metastable level, possibly to the conduction band.
